The role of Forkhead Box F1 (FoxF1) transcription factor in carcinogenesis is not well characterized. Depending on tissue and histological type of cancer, FoxF1 has been shown to be either an oncogene or a tumor suppressor. Alveolar rhabdomyosarcoma (RMS) is the most aggressive pediatric soft-tissue sarcoma. Although FoxF1 is highly expressed in alveolar RMS, the functional role of FoxF1 in RMS is unknown. The present study demonstrates that expression of FoxF1 and its closely related transcription factor FoxF2 are essential for RMS tumor growth. Depletion of FoxF1 or FoxF2 in RMS cells decreased tumor growth in orthotopic mouse models of RMS. The decreased tumorigenesis was associated with reduced tumor cell proliferation. Cell cycle regulatory proteins Cdk2, Cdk4/6, Cyclin D1 and Cyclin E2 were decreased in FoxF1-and FoxF2-deficient RMS tumors. Depletion of either FoxF1 or FoxF2 delayed G1-S cell cycle progression, decreased levels of phosphorylated retinoblastoma protein (Rb) and increased protein levels of the CDK inhibitors, p21 Cip1 and p27 Kip1 . Depletion of both FoxF1 and FoxF2 in tumor cells completely abrogated RMS tumor growth in mice. Overexpression of either FoxF1 or FoxF2 in tumor cells was sufficient to increase tumor growth in orthotopic RMS mouse model. FoxF1 and FoxF2 directly bound to and repressed transcriptional activity of p21 Cip1 promoter through − 556/ − 545 bp region, but did not affect p27 Kip1 transcription. Knockdown of p21 Cip1 restored cell cycle progression in the FoxF1-or FoxF2-deficient tumor cells. Altogether, FoxF1 and FoxF2 promoted RMS tumorigenesis by inducing tumor cell proliferation via transcriptional repression of p21 Cip1 gene promoter. Because of the robust oncogenic activity in RMS tumors, FoxF1 and FoxF2 may represent promising targets for anti-tumor therapy.
INTRODUCTION
Rhabdomyosarcoma (RMS) is the most common pediatric soft-tissue sarcoma. About two-thirds of all sarcomas and 7-8% of all pediatric solid tumors are RMS. 1 Although the cell-of-origin of RMS remains speculative, RMS is thought to arise from primitive mesenchymal progenitors that have undergone a limited program of myogenic differentiation. 2 The two main histological subtypes of RMS are embryonal RMS and alveolar RMS. 3 Compared with embryonal RMS, which usually has good prognosis, alveolar RMS is an aggressive, highly metastatic disease that is associated with high mortality rates. 4, 5 Alveolar RMS is often associated with recurrent translocations always involving genes from the PAX family of transcription factors fused to FKHR. Approximately 60-70% of histologically diagnosed alveolar RMS involve a t(2;13)(q35;q14) leading to PAX3-FKHR gene fusion 6 and 10-20% have a t(1;13)(q36;q14) leading to PAX7-FKHR gene fusion. 7, 8 On the basis of the gene-expression arrays, there is growing evidence that RMS is a heterogeneous disease with multiple molecular subtypes. [8] [9] [10] Interestingly, analysis of clinical RMS samples demonstrated that Forkhead Box F1 (FoxF1) transcription factor is one of the consistently upregulated genes in translocation-positive alveolar RMS, indicating its potential role in the aggressiveness of this disease. [8] [9] [10] [11] The Forkhead box family of transcription factors mediates a wide variety of cellular functions including cell growth, tissue repair, cell migration and tumor formation. 12 The FoxF subgroup contains two members, FoxF1 and FoxF2. 13, 14 The FoxF1 expression has been found in fetal and adult lungs, placenta, intestine, liver and prostate tissue. 15, 16 FoxF1 is a mesenchyme-specific transcription factor and is normally expressed in mesenchymederived cells, including pulmonary capillary endothelial cells, fibroblasts, stellate cells of the liver and visceral smooth muscle cells surrounding trachea, bronchi, stomach, small intestine, colon and gallbladder. [17] [18] [19] [20] [21] [22] FoxF1 is not expressed in cardiac or skeletal muscles. FoxF1 has been recently implicated in epithelial carcinogenesis. However, its functional role remains controversial. In breast cancer cell lines, FoxF1 has been shown to function as a tumor suppressor and is inactivated via hypermethylation of its promoter. 23 Hypermethylation of the FoxF1 promoter was shown in a subpopulation of invasive ductal carcinomas. 23 In colon and breast cancer cell lines, FoxF1 protects tumor cells from DNA re-replication. 24 Genomic analysis of human prostate adenocarcinomas showed that a subset of tumors had a loss of the 16q24 chromosome region, which contains several genes including FoxF1. 25 On the basis of the tumor suppressor properties of FoxF1 in breast and colon cancers, it was proposed that FoxF1 is the most probable candidate for a tumor suppressor in prostate carcinomas containing genomic deletions of 16q24, but this hypothesis had never been confirmed experimentally. In contrast, several published studies have established oncogenic roles of FoxF1. High expression of FoxF1 was found in 78% of Hedgehog-positive non-small-cell lung cancers, and was positively correlated with metastasis. 26 Increased expression of FoxF1 was also found in basal cell carcinoma and medulloblastoma. 8, 27 FoxF1 has been shown to be a positive regulator of stemness in lung cancer 28 and an activator of epithelial-to-mesenchymal transition in breast cancer cells. 29 All these studies suggest that FoxF1 may function as an oncogene or tumor suppressor depending on the tissue and specific type of cancer.
The FoxF2 expression has been found in the mesenchyme of the oral cavity, limb buds, genitalia, central nervous system, eyes, lung, prostate, ear and placenta as well as the lamina propria and smooth muscle of the gastrointestinal tract. 30, 31 FoxF2 was shown to be a target of miR-200 family in lung cancer and its expression in lung tumor cells increased invasion and metastasis, indicating an oncogenic role of FoxF2 in lung cancer. 32 In contrast, decreased FOXF2 expression was associated with the early-onset metastasis and poor prognosis for patients with histological grade II and triplenegative breast cancer, 33 and reduced FoxF2 in intestinal fibroblasts increased colon adenoma formation, 34 indicating tumor suppressive roles of FoxF2. These conflicting findings suggest that the role of FoxF transcription factors in carcinogenesis is complex and tissue specific. Given the known association of FoxF1 with alveolar RMS 8, 11 and robust expression of FoxF1 and FoxF2 in mesenchymal cells, the FoxF genes may play a role in RMS pathogenesis. However, whether FoxF1 and FoxF2 regulate RMS tumorigenesis remains unknown. The present study was designed to determine the role of FoxF1 and FoxF2 in RMS carcinogenesis. Using in vivo and in vitro models of RMS, we demonstrated that both FoxF1 and FoxF2 synergize to induce RMS tumorigenesis and stimulate proliferation of tumor cells through transcriptional repression p21 Cip1 promoter.
RESULTS

FoxF1 and FoxF2 are essential for proliferation of RMS tumor cells in vitro
Global gene-expression profiling demonstrated that FoxF1 gene is highly expressed in human alveolar RMS tumors and its increased expression is associated with poor prognosis in RMS patients. [8] [9] [10] [11] To examine FoxF1 requirements in RMS tumors, we used lentiviral transduction of FoxF1 shRNA to deplete the FoxF1 in mouse 76-9 RMS cells. As 76-9 cells also express FoxF2, a protein with almost identical DNA-binding domain, 35 FoxF2 was also depleted either alone or in combination with FoxF1. Transduced cells were selected using lentivirus-associated green fluorescent protein and subcloned, resulting in generation of 76-9 RMS tumor cell lines with stable knockdown of FoxF1 and/or FoxF2. qRT-PCR showed~60% reduction in FoxF1 mRNA and 75% reduction in FoxF2 mRNA (Figure 1a ). 76-9 clones with higher than 60% and 75% decrease in FoxF1 and FoxF2 levels, respectively, were unable to grow in cell culture. Control 76-9 cells were generated using a lentivirus containing shRNA against a non-targeting sequence. Although depletion of either FoxF1 or FoxF2 significantly decreased tumor cell expansion in culture in a time-dependent manner (Figure 1b ), the depletion of both FoxF proteins had the strongest inhibition of tumor cell growth (Figure 1b ). Depletion of either FoxF1 or FoxF2 was sufficient to significantly reduce the ability of RMS cells to form colonies on soft agar, and depletion of both FoxF proteins had the strongest effect on anchorage-independent tumor cells growth (Figure 1c ). To determine whether growth inhibition after FoxF1/F2 knockdown was due to proliferation defects, we performed flow cytometery analysis with phospho-histone H3 (PH3) antibodies, labeling cells undergoing mitosis. 36 Knockdown of FoxF1, FoxF2 or double-knockdown decreased the number of tumor cells undergoing mitosis (Figure 1d ), indicating that FoxF1 and FoxF2 are essential for proliferation of mouse 76-9 RMS tumor cells. Furthermore, reduced cellular proliferation was observed in human alveolar RMS Rh30 cells after depletion of FoxF1 or FoxF2 Depletion of FoxF1 and FoxF2 decreased RMS tumor growth in mice Parental, FoxF1-and FoxF2-deficient mouse 76-9 RMS cells were injected intra-muscular in the left hind limb muscle of syngeneic C57Bl/6 mice. Three weeks later, tumors were harvested and measured. Knockdown of either FoxF1 (FoxF1-KD) or FoxF2 (FoxF2-KD) was sufficient to decrease RMS tumor diameter and tumor weight by~50% (Figures 2a and b ). Knockdown of FoxF proteins was stable during the period of tumor growth as shown by the decreased FoxF1 or FoxF2 mRNAs in harvested tumors ( Figure 2c ). Interestingly, knockdown of both FoxF1 and FoxF2 completely abrogated tumor growth, resulting in the absence of RMS tumors in 100% of injected mice (n = 10). These results indicate that FoxF1 and FoxF2 function in synergistic manner to induce RMS tumorigenesis in vivo. Identity of RMS tumors were established by histological examination of HE (hematoxylin and eosin)-stained paraffin sections and immunostaining of tumor tissue for myogenin, (Figure 2d ), a marker of skeletal muscle cells. 37 In addition, to demonstrate that the proliferation-specific role of FoxF1 and FoxF2 is not limited to mouse RMS tumors, we depleted FoxF1 and FoxF2 from human Rh30 RMS cells. FoxF1-and FoxF2-deficient Rh30 tumors were significantly smaller compared with control tumors (Figure 2e ), which is consistent with the results obtained from mouse 76-9 RMS tumors. Thus, depletion of FoxF1 and FoxF2 decreased the growth of mouse and human RMS tumors in orthotopic mouse models.
Depletion of FoxF1 and FoxF2 increased expression of p21 Cip1 and p27 Kip1 CDK inhibitors Decreased sizes of FoxF1-KD and FoxF2-KD RMS tumors were associated with reduced cellular proliferation as shown by a significant reduction in the number of Ki-67 and PH3 positive cells (Figures 3a and b ), findings consistent with the in vitro data (Figures 1a-d ). Cyclin D staining was also decreased ( Figure 3c ). Reduced cellular proliferation in FoxF1-KD and FoxF2-KD tumors was associated with increased nuclear staining for p21 Cip1 and p271 Kip1 proteins, potent inhibitors of Cdk2 in G1-phase of cell cycle. 38 As reduced Cdk2 activity is associated with decreased phosphorylation of retinoblastoma protein (Rb), 39 we stained tumor sections with antibodies specific to phospho-Rb (pRb). The number of RMS tumor cells positive for pRb was reduced in FoxF1-KD and FoxF2-KD tumors ( Figure 3c ). Knockdown of either FoxF1 or FoxF2 in RMS tumor cells significantly decreased mRNA levels of Cyclin D1, Cyclin A2, Cyclin E and c-Myc, all of which are critical regulators of G 1 /S cell cycle transition and are known targets of Cdk2/pRb/E2F pathway 40 (Figure 4a ). Moreover, depletion of either FoxF1 or FoxF2 in RMS cells markedly increased the mRNA and protein levels of p21 Cip1 , whereas p27 Kip1 was increased only at the protein level (Figures 4a and c) . Finally, protein levels of G 1 /S-promoting Cdk2, Cdk4 and Cdk6 were decreased in FoxF1-KD and FoxF2-KD RMS cells, as were Cyclin D1 and Cyclin E2 proteins ( Figure 4d ). These results indicate that knockdown of either FoxF1 or FoxF2 reduce cellular proliferation, increase p21 Cip1 and p27 Kip1 protein levels and reduce expression of genes critical for G 1 /S transition of the cell cycle. Interestingly, neither FoxF1-nor FoxF2-depletion changed Cdk1 (Figure 4d ) or influenced expression of Cdc25b, Cyclin B1, Plk1 and Aurora B (Figure 4b ), that are important regulators of G 2 /M cell cycle transition and cytokinesis. 40 In addition, knockdown of FoxF1 in human Rh18 RMS cells increased p21 mRNA ( Figure 4e ). Knockdown of FoxF2 did not affect p21 mRNA, indicating that FoxF1, but not FoxF2 regulates p21 expression in human Rh18 RMS cells. Interestingly, there was a significant increase in FoxF1 after FoxF2 knockdown in Rh18 cells (Figure 4e ), FoxF1 and FoxF2 promote rhabdomyosarcoma D Milewski et al suggesting a presence of compensatory mechanism and further supporting our findings in which FoxF1 and FoxF2 work synergistically to regulate cellular proliferation.
Depletion of FoxF1 and FoxF2 delayed G 1 -S progression of cell cycle
As p21 Cip1 and p27 Kip1 inhibit phosphorylation of Rb 39 
Overexpression of FoxF1 or FoxF2 in RMS tumor cells increased carcinogenesis
As depletion of either FoxF1 or FoxF2 reduced formation of RMS tumors (Figures 2a and b ), we tested whether overexpression of FoxF1 or FoxF2 is sufficient to increase RMS tumor growth in vivo. Mouse 76-9 cells stably expressing Flag-tagged FoxF1, FoxF2 or control vector were generated and subsequently injected into the muscle tissue of syngeneic mice. Overexpression of FoxF1 was confirmed by qRT-PCR and by Western blot using FoxF1 antibodies and Flag antibodies (Figures 6b and c). Overexpression of FoxF1 increased the tumor burden, demonstrated by the increased weight and size of RMS tumors ( Figure 6a ). An increase in tumor growth was associated with elevated pRb and decreased protein levels of p21 Cip1 and p27 Kip1 (Figures 6b and c). Overexpression of FoxF1 had no effect on total protein levels of p53, but increased the amounts of active (phospho-Ser15) p53 ( Figure 6c ). Overexpression of FoxF2 increased tumor growth, reduced p21 Cip1 , but did not affect and p27 Kip1 mRNA (Figures 6d and e ). In vitro studies showed that overexpression of either FoxF1 or FoxF2 significantly increased tumor cell proliferation in a time-dependent manner ( Figure 6f ). Altogether, our results indicate that overexpression of either FoxF1 or FoxF2 in RMS cells is sufficient to increase RMS tumor growth, increase tumor cell proliferation and reduce expression of CDK inhibitor p21. Cip1
FoxF1 and FoxF2 directly bind to and activate the p21 Cip1 promoter Knockdown of FoxF1 or FoxF2 increased protein levels of p21 Cip1 and p27 Kip1 , but only p21 Cip1 was increased at mRNA levels (Figures 3c, 4a and c). These results suggest that FoxF1 and FoxF2 inhibit transcription of p21 Cip1 gene. Consistent with this hypothesis, high-affinity FoxF1-/F2-binding sites were identified in − 556/ − 545 bp region of the mouse and in the − 680 bp region of the human p21 Cip1 gene. Next, the − 0.8 kb mouse p21 Cip1 promoter region containing FoxF1-/F2-binding site was cloned into luciferase reporter (LUC) vector using mouse genomic DNA. Co-transfections of the − 0.8 kb p21 Cip1 -Luc reporter with either CMV-FoxF1 or CMV-FoxF2 expression vectors demonstrated that FoxF1 and FoxF2 inhibited transcriptional activity of the p21 Cip1 promoter in 76-9 RMS cells ( Figure 7a ). Interestingly, neither FoxF1 nor FoxF2 regulated p27 Kip1 promoter activity in LUC assay, in spite of the presence of the potential FoxF1-/F2-binding sites in − 248/ − 235 and − 25/ − 15 bp regions of the mouse p27 Kip1 promoter ( Figure 7b ). As FoxF1 and FoxF2 repressed transcription of the p21 Cip1 promoter, we next determined whether FoxF1 and FoxF2 physically bound to the − 556/ − 545 bp p21 Cip1 promoter region. Chromatin immunoprecipitation (ChIP) assay was performed using mouse parental 76-9 RMS cells and 76-9 RMS cells stably expressing Flag-tagged FoxF1 or FoxF2. ChIP was done with anti-Flag antibodies and compared with control IgG. Flag-tagged FoxF1 and FoxF2 specifically bound to the p21 Cip1 promoter DNA as shown by ChIP ( Figure 7c ). Both FoxF1 and FoxF2 also bound to the PDGFb promoter ( Figure 7d ), a known transcriptional target of the FoxF genes. 21, 41 Altogether, these data indicate that FoxF1 and FoxF2 directly inhibit p21 Cip1 transcription in RMS cells.
Knockdown of p21 Cip1 in the FoxF1-or FoxF2-deficient cells restored cellular proliferation As FoxF1 and FoxF2 repress p21 Cip1 transcription ( Figure 7d ) and increased p21 Cip1 levels were observed in FoxF1-and FoxF2-deficient RMS tumors and tumor cells ( Figures 3c and 4c ), we determined whether reduced proliferation in FoxF1-and FoxF2-deficient cells is due to increased p21 Cip1 levels. p21 Cip1 -specific siRNA was used to knockdown p21 Cip1 in the FoxF1-or FoxF2-deficient tumor cells ( Figure 8a ). Decreasing the levels of p21 Cip1 in cultured FoxF1-KD or FoxF2-KD cells restored their proliferation to the level found in control cells (Figures 8a and b ). In contrast, depletion of p27 Kip1 was insufficient to restore cellular proliferation in FoxF1-KD and FoxF2-KD cells (Figure 8c ). Thus, p21 Cip1 , but not p27 Kip1 , is a key target of FoxF proteins in RMS cells. Altogether, our results indicate that FoxF1 and FoxF2 increase proliferation of RMS cells through transcriptional inhibition of p21 Cip1 .
DISCUSSION
RMS was described as an aggressive pediatric disease nearly 60 years ago in which the 5-year incident-free rate was below 25%. 42 Since then, significant progress has been made in treatment and management of the disease with the current 5-year incident-free rate hovering around 70% for all RMS cases. 42 Over the past two decades, however, attempts to advance our treatment of RMS have failed with no improvement in patient survival despite better risk stratification, escalation of treatment, more aggressive surgical resection of the tumors and improved monitoring. RMS is a heterogeneous disease with multiple molecular subtypes.
There is a compelling need to identify the key molecular drivers of the disease which will provide the new clinical targets to improve RMS treatment.
Previous studies demonstrated that the more aggressive alveolar RMS tumors differentially express high levels of FoxF1 transcription FoxF1 and FoxF2 promote rhabdomyosarcoma D Milewski et al factor. 8, 11 FoxF1 and its closely related transcription factor FoxF2 have been recently implicated in epithelial carcinogenesis. However, their functional roles remain controversial. In fact, several studies demonstrated that FoxF1 functions as an oncogene in breast cancer, 29 whereas others have reported that FoxF1 is a tumor suppressor in breast and colon cancer cells. 23, 43 The same controversy exists for FoxF2, with FoxF2 functioning as an oncogene in lung tumor cells, 32 but acting as a tumor suppressor in triple-negative breast cancer 33 and colon adenoma formation. 34 Although these studies appear to be conflicting, it is possible that FoxF1 and FoxF2 have different functions depending on cell/tissue specificity or mutation status of the tumor cells. It is also important to note that all of these published studies investigated epithelial derived tumors, whereas the role of FoxF1 and FoxF2 in sarcomas remains unknown. To understand the effects of these Fox proteins in the pathogenesis of RMSs, we utilized mouse orthotopic transplantation models for RMS. By inhibitors. 44 Paradoxically, RMS cells express high levels of myogenin and other differentiation markers (MyoD, desmin and MHC), but fail to withdraw from the cell cycle. These studies suggest that p21 Cip1 and p27 Kip1 and/or their upstream regulators can affect proliferation of tumor cells, influencing RMS tumorigenesis. An important contribution of the present study is that FoxF1 and FoxF2 synergize to inhibit p21 Cip1 and p27 Kip1 in RMS cells. As p21 Cip1 and p27 Kip1 inhibit Cdk2/cyclin complexes and prevent phosphorylation of Rb protein, 40 increased p21 Cip1 and p27 Kip1 levels can contribute to decreased proliferation of FoxF1/F2-deficent RMS cells. Regulation of p21 Cip1 by FoxF1/F2 appears to be on transcriptional level as demonstrated by physical binding of both FoxF1 and FoxF2 proteins to the p21 Cip1 promoter region. The binding of FoxF1/F2 to the p21 Cip1 promoter DNA resulted in transcriptional inhibition of p21 Cip1 gene expression as supported by luciferase assay. Thus, FoxF1 and FoxF2 are transcriptional repressors of p21 Cip1 gene. Consistent with this data, increased p21 Cip1 levels are found in FoxF1/F2-deficient RMS cells and RMS tumors. Interestingly, FoxF1 and FoxF2 appear to regulate p27 Kip1 indirectly. These Fox proteins did not bind the p27 Kip1 promoter Published studies implicated p53 in the regulation of FoxF1 gene expression. It was shown that p53 induced FoxF1 mRNA and protein levels in head and neck cancer cell lines. 43 In breast and colorectal cancer cells, inactivation of the p53 resulted in silencing of FoxF1. 24 P53 stimulated FoxF1 gene expression via direct activation of the FoxF1 promoter. 43 All these published studies suggest that FoxF1 can function downstream of p53. Interestingly, p53 activates p21 Cip1 and inhibits cell cycle progression, at least in part, through increased p21 Cip1 levels. 40 Our studies demonstrated that FoxF1 inhibits p21 Cip1 through direct transcriptional repression of the p21 Cip1 promoter. In addition, we found that FoxF1 has no effect on total protein levels of p53, indicating that FoxF1 does not regulate p53 expression. Interestingly, FoxF1 overexpression increased the levels of active (phospho-Ser15) p53, indicating that FoxF1 may induce replication stress followed by the DNA damage response that enhances p53 activity. Alternatively, it is possible that increased activation of p53 in FoxF1-overexpressing cells is a result of compensatory mechanism which is directed to restore p21 levels in FoxF1-overexpressing cells. Our data suggest that expression of p21 Cip1 in RMS is controlled by the complex network of transcriptional regulators. The balance between p53mediated activation and FoxF1/F2-mediated transcriptional repression may regulate the rate of tumor cell proliferation, ultimately affecting tumor progression and outcome in RMS patients.
In summary, we identified FoxF1 and FoxF2 transcription factors as important regulators of tumor cell proliferation in RMSs through transcriptional inactivation of the p21 Cip1 tumor suppressor. On the basis of these findings, FoxF1 and FoxF2 may represent promising targets for anti-tumor therapy in RMS patients.
MATERIALS AND METHODS
Generation of RMS cell lines with stable knockdown of FoxF1 and FoxF2
Plasmids expressing shRNA of either mouse FoxF1 (5′-CAGGTCACCTACCA AGACA-3′; GIPZ Mouse FoxF1 shRNA, Clone ID: V2LMM_74793; GE Healthcare, Lafayette, CO, USA) mouse FoxF2 (5′-GTGACTACATGTAAGACAT-3′; GIPZ Mouse FoxF2 shRNA, Clone ID: V2LMM_61137; GE Healthcare), human FoxF1 (5′-GCAGCATTTGTGACACGTATT-3′; plKO-shFoxF1), human FoxF2 (5′-AGA GCGTCTGTCAGGATATTA-3′; plKO-shFoxF2) or shRNA control (5′-CAACAA GATGAAGAGCACCAA-3′) were used to generate lentiviruses. The stable knockdown of FoxF1 and FoxF2 was achieved by transducing murine 76-9 RMS cells 45 and human RMS cells Rh30, Rh18 46 (a kind gift from Dr T Cripe) with lentiviruses followed by puromycin selection.
Generation of RMS cell lines with stable overexpression of FoxF1 and FoxF2
To generate double-tagged FoxF1 and FoxF2 constructs, murine FoxF1 and FoxF2 cDNAs were PCR-amplified and N-terminal Flag (5′-GGCGGATC CGCCACCATGGACTACAAAGACGATGACGACAAGGACCCCGCGGCGGCG GGC-3′) and a C-terminal (His) 6 -tag (5′-GGGCCCTCGAGTCAGTGATGGT GATGGTGGTGCATCACACACGGCTTGATGTCTTGG-3′) were introduced FoxF1 and FoxF2 promote rhabdomyosarcoma D Milewski et al by using PCR and cloned into BamHI and XhoI sites of bicistronic retroviral pMIEG3 vector 47 to generate pMIEG3-HF-FoxF1 and pMIEG3-HF-FoxF2 as previously described. 48 PCR was performed using AccuPrime Pfx DNA Polymerase according to manufacturers' protocol (Invitrogen, Carlsbad, CA, USA). The retroviral and lentiviral particles were made in Cincinnati Children's Viral Vector Core facility and the generation of stable cell lines was done as described previously. 48 The murine 76-9 RMS cell line 45 was transduced with lentiviruses. After 2 days, green fluorescent proteinexpressing cells were sorted using flow cytometry.
Orthotopic mouse model of RMS
Power analysis (DSTPLAN 4.2 software, The University of Texas M. D. Anderson Cancer Center, Houston, TX, USA) with the power value of 0.9 predicted that the sample size for the orthotopic tumor studies should be~6 mice per group. As in our previous studies, 48 we used 7 mice per group. In all, 2 × 10 5 76-9 RMS tumor cells in 50 μl sterile phosphate-buffered saline were injected in the left hind limb muscle (i.m.) of 6-8 weeks old C57BL/6 (Jackson Lab, Bar Harbor, ME, USA) anesthetized male mice. Tumors were harvested 3 weeks later. The human Rh30 and Rh18 RMS tumor cells (5 × 10 6 cells/ml in 30% matrigel) in 100 μl were injected in the left hind limb muscle of the 6-8 weeks old Nod-Scid-Gamma (Jackson Lab) anesthetized male mice. Tumors were harvested at 8 weeks (shFoxF1 experiment) or at 6 weeks (shFoxF2 experiment) and tumor volume was measured using a digital caliper. The mice were randomly selected to inoculate either control or experimental RMS cells. All animals were included in the analysis. No blinding was done. All animal studies were approved by the Animal Care and Use Committee of Cincinnati Children's Research Foundation.
Quantitative real-time RT-PCR
Total RNA was prepared from dissected RMS tumors or from cultured RMS cells using RNeasy mini kit (Qiagen, Valencia, CA, USA) and analyzed by Quantitative real-time RT-PCR (qRT-PCR) using the StepOnePlus Real-Time PCR system (Applied Biosystems, Carlsbad, CA, USA) as described. 49 
Cell growth assay
Cells were plated in triplicate. Viable cells were counted at designated time points using hemocytometer as previously described. 48 Experiments were performed in triplicates and presented as average numbers of cells ± s.d.
Soft-agar assay
Anchorage-independent growth of control, FoxF1-KD and/or FoxF2-KD cells was determined in 0.33% agarose (Invitrogen), as described previously. 50, 51 The culture medium containing 10% fetal calf serum was replaced every 3 days. Colonies containing 450 cells were counted after 7 days. Triplicate plates were used to count colonies and determine the mean number of colonies ± s.d.
Cell cycle analysis
Cell cycle analysis was done as previously described. 48 76-9 cells with stable depletion of FoxF1 and FoxF2 were serum-starved for 36 h by using DMEM media supplemented with 0.1% fetal-bovine serum. A complete media with 10% fetal-bovine serum was added and cells were collected at the indicated time points, fixed in 70% ethanol and stained with propidium iodide/RNase solution (Cell Signaling Technology, Danvers, MA, USA). Flow cytometry was used to count cells in G0/G1, S and G2/M phases of cell cycle. To measure the mitotic index, ethanol fixed cells were permeablized with 0.25% Triton X-100 and stained with Histone H3-pS10 primary Ab followed by secondary Ab conjugated with Alexa-488 (Molecular Probes, Carlsbad, CA, USA). Cells were counterstained with propidium iodide and RNaseA and subjected to FACS analysis (BD FACSCanto II, BD Bioscience, San Jose, CA, USA).
Western blot
Protein extracts were prepared from RMS cells using RIPA buffer. Western blot analysis was done as previously described. 36, 52 The following antibodies were used: p21 Cip1 , p27 Kip1 , total Rb, pRb(S795), pRb(S780), pRb(S807/811), total p53(#2527), phospho-p53(S15, #9284; Cell Signaling Technology), Cyclin D1(BD biosciences), FoxF1 (R&D systems, Minneapolis, MN, USA) and Flag (Sigma, St Louis, MO, USA). Antibodies against Cdk1, Cdk2, Cdk4, Cdk6, Cyclin E1, β-actin were from Santa Cruz (Paso Robles, CA, USA). The signals from the primary antibody were amplified by horseradish peroxidase-conjugated secondary antibodies (EMD Millipore, Darmstadt, Germany) and detected with Enhanced Chemiluminescence Plus reagent (Amersham Pharmacia Biotech, Piscataway, NJ, USA) followed by autoradiography. β-Actin was used as loading control.
Immunohistochemistry
Paraffin sections (5 μm) were cut and stained with HE for morphological examination. Immunostaining was performed using following antibodies: anti-myogenin, anti-Ki-67, anti-phospho-Histone H3 (Santa Cruz), anti-pRb, anti-p27 Kip1 , anti-p21 Cip1 (Cell Signaling Technology), anti-Cyclin D1 (BD biosciences) were done as previously described. 52, 53 Immunofluorescence Cells were grown on poly-d-lysine-coated coverslips, fixed with 4% paraformaldehyde and permeablized with 0.3% Triton X-100. Permeabilized cells were stained with primary antibodies followed by secondary antibodies conjugated with Alexa-488. DAPI (Vector Laboratories, Burlingame, CA, USA) was used as a counterstain to visualize nuclei. Images were taken using a Zeiss Axiovert 200M microscope (Carl Zeiss, Oberkochen, Germany).
ChIP assay
FoxF1 and FoxF2-overexpressing RMS cells were cross-linked by addition of formaldehyde, sonicated and used for immunoprecipitation with mouse anti-Flag antibody (Sigma) as described previously. 21, 54 Mouse IgG were used as a control. DNA fragments were between 500 bp and 1000 bp in size. Reverse cross-linked ChIP DNA samples were subjected to PCR amplification with oligonucleotides specific to p21 Cip1 promoter region. Following PCR primers were used to amplify 207 bp DNA fragment specific to mouse p21 Cip1 promoter: 5 0 -TCACCCAGCAAAGCCTTG-3 0 and 5 0 -GGACTT TGGGATACTACACATAAAC-3'. Primers specific to mouse Pdgfb promoter 
Luciferase assay
Mouse genomic DNA was used to amplify the − 800 bp to +1 bp region of the mouse p21 Cip1 promoter (Gene Bank Number NC_000083.6) using the primers (forward: 5′-GCGGTACCTCTCCAGACATAGTGGGA-3′ and reverse: 5′-CGCTCGAGCTAGACTCTGACACCGC-3′). PCR products were cloned into a pGL2 firefly LUC reporter plasmid (Promega, Madison, WI, USA) and verified by DNA sequencing. p21 Cip1 promoter-LUC plasmid was co-transfected with CMV-FoxF1 or CMV-FoxF2 expression vectors in HEK293T cells using Lipofectamine (Invitrogen). CMV-empty vector was used as a control.
In addition, CMV-Renilla was used as an internal control to normalize the transfection efficiency. A dual-luciferase assay (Promega) was performed 48 h after transfection as described previously. 48 Statistical analysis ANOVA and Student's t-test were used to determine statistical significance. P-values o 0.05 were considered significant. Values for all measurements were expressed as the mean ± standard deviation. Data were graphically displayed using GraphPad Prism v.5.0 for Windows (GraphPad Software, Inc., La Jolla, CA, USA). 
